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OF STRAIN-GAGE INSTALLATIONS IN AIRCRAIKI? STRUCTURES
MEASUREMENT OF FLIGHT LOADS 1

By T. H. SKOPINSKI,WILLIAMS. AIXEN, JR., and W’ILBERB. HUSTON

SUMMARY

A general method hus been developed for ea.fibrating strain-
gage in.$td?dons in aircraft atructumx, which pemniis the
measurement in $ight of t.lw dear or lift, the bending moment,
and the torque or pitching moment on the principal lifting or
control surjace8. Although b strew in 8&uc.kurd members
may not be a simpk functti of the three loads of interest, a
straightforward procedure is @en for wumerid.?y combining
the outputs oj 8everaJ bridgtw in muh a way that the hula may
be obtuiwd. .i%tew”om oj the ba& procedure by meam of
electn”cal combination oj the strain-gage lmidg~ are dem-ibed
which permit cnmpromti~ between strain-gage inatal.latlon
Lime, avaikz~ty of meording in$trunwnt8, and data reduetion
time. % bti prineipkx of strain-gage calibration pro-
cedure-s are illustrated by refwence to the datu for two aimrajt
81ruchm8 oj typical mn.structb, one a 8traight and the other
a swept horizontal 8taM@r.

INTRODUCTION

The measurement of loads on aircraft in flight is required
for a variety of purposes such as in research investigations,
structural integrity demonstrations, and developmental
flight testing. Although pressure-distribution methods per-
mit the determination of aerodynamic loads without correc-
tions for inertia effects, pressure installations must be very
complete in order that accurate load data may be obtained.
Since the time of installation and data reduction may be
lengthy, the general use of pressure-distribution methods in
the measurement of loads on aircraft in fight is avoided
except when specific detailed load-distribution data are
desired.

A more useful tool for the measurement of the overall
loads on aircraft structures appears to be the wire resistance
strain gage. I?roperly installed and calibrated, such gages
may be used to determine the structural loads on control
surfaces, land&gear structures, and relatively complex
built-up wing and empennage assemblies. The meaaured
structural loads can, in turn, be converted to aerodynamic
loads provided the structural weight distribution is known
and the acceleration distribution has been measured.

References 1 to 5 illustrate various strain-gage calibration
tectilquea, certain elements of which are common to a
general method which has been used euwessfuUy in flight
loads research by the National Advisory Committee for

Aeronautics since 1944; references 6 and 7 contain typical
flight loads data obtained by the application of this g-&eral
method. Because of the increased interest in strain-gage
methods, and in an attempt to resolve some of the difEculties
which may be encountered in the use of strain gages for
flight loads mewmrements, the present report is being
published.

In this report a basic calibration procedure is developed
for calibrating strain-gage installations on aircraft structural
which permits the measurement in flight of the shear, bending
moment, and torque. Extensions of the basic procedure by
use of electrical combination of strain-gage bridges are
described which permit compromises between strain-gage
installation time, availability of recording instruments, and
data reduction time for tlight measwementa. Since many
of the elements of the calibration procedure are best illus-
trated by reference to and use of experimental data, this
report also includes calibration data and analysis procedures
used for two typical aircraft structures. In addition, three
other calibration procedures of very limited application are
briefly discussed in an appendix

SYMBOLS

L. generaJsymbol for shear, bending moment, or torque
(see eq. (40))

M bending moment, in-lb -
T torque, lb-in. ,

v ahear, lb
Note: Prime (’) denotes applied values of calibrate loads.

Subscripts pertaining to M, T, and V or M’, T’, and V’:

aij

b,,
a’fj
b’,,
kl, k,
mij
x
N

Y

L left
R right
j number of applied loads for react simul-

taneous-equation solutions
n number of applied loads for least-squares

solutions
preliminary load coefficient for structure A
preliminary load coefficient for structure B
M load coefficient for structure A
final load coefficient for structure B
constants in equation (34)
element of inverse matrix
distance from torque reference line, in.
general term for nonlinear chord position effect
distance perpendicular to center line ouhboard of

strain-gage station, in.
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distance along sweep axis outboard of strain-gage
station, in.

general term for nonlinear span position effect
constant in influence-coefficient equation
constant in load equa”tion
deflection of

3
vanometer in strain+gagecircuik

calculated vanometer deflection given by equa-
tion (35)

deflection of galvanometersin strain-gage circuit due
to shunting of calibrate resistor across one arm of
strain-gage bridge

residual, dMerence between calculated and applied
shenr

nondimensional bridge response, &J/iml
nondimensional response of ith uncombined stiain-

gage bridge (i=l, 2, 3, . . . j)
nondimensionrd response of jth uncombined stmin-

gage bridge due to z%h applied calibrate load
(exact solution, i=l, 2,3, . . . J

nondimensional response for jth uncombined strain-
gage bridge due to nth applied calibrate load
(least-squares solution, n>j)

nondimensional response of an uncombined shear
bridge

nondimensional response of an uncombined bending-
moment bridge

nondimensional response of an uncombined torque
bridge

Additional subscripts for P:
Second subsczipti

L left side
B right side
F front spar
M Inidspar
R rear spar
FT front top
FB front bottom
RT rear top .
RB rear bottom

Third subscript
1 strain-gage station 1
2 strain-gage station 2

Example: PvLV1designaks nondimensional response of an
uncombined shear bridge mounted on left front spar at
strain~e station 1

P nondimensional response for electrically combined
bridges, &J&l

Note: Subscripts for P are the same as for jI except that
spar location of combined bridges is not required.

Matrix symbols:
[1 square matih
II II rectangular matrix
II IIT transpose of rectanguhw matrix
: / row matrix

column matrix
[ ]-1 inverse matrix
{[ II de~tof~trix
i row index

~ COhDIU i.ndm

BASICPROCEDURESFOR CALIBRATION
GEWRAL CON31DERAl101W

Although the use of the wire resistance strain gage for
lea@ measurements is in some respects similar to it9 use
in stress determination, a somewbat difFerent approach is
required since strai.&is to be used only as a means of obtain-
ing information about the loads. In stress measurement, a
single strain gage is usually used to determhe the stress in rL
member. In loads measurement, four-active-arm bridges
are generally applied on the principal structural mombem
in order to obtain higher sensitivity and relative freedom
from the effects of uniform structural temperature changes.

In flight research the loads of primary interest are gen-
erally those on wing or tail surfaces, and, in order to simplify
the exposition of the proced~es in this report, descriptions
are generally given in terms of a cantilever structure such as a
wing or tail. The methods may, however, be utilized with
other structure.

The fit step in the measurement of flight loads by means
of strain gages is a selection of the gage location, which
“depends on the measurements to be made. It is necessary
to locata the gages at positions w-herethe streeslevels will be
adequata to obtain good sensitivity and, at the same time,
be away from areas of local stress concentrations. A typical
installation is illustrated in figure 1(a), where four-active-mm
bridges are show-ninstalled on a typical two-spar structure,
Ideally, it would be desirable to place the gages at a position
such that a shear bridge would respond only to shear, and,
as in reference 1, a moment bridge only to moment, and so
forth, but generally it is only in an elementwy truss typo of
beam that locations can be found where such a simple rela-
tionship between load and strain exists. ~

The loads on a surface such as an airplane wing can be
cohpletily specified by three orthogonal forces (normal,
chord, and end force) and by three orthogonal moments
(beam bending moment, torque, and chord bending moment).
The strain in a given structural member can, therefore, bo
expected to be some function of these six quantities, and this
strain response must be taken into account in any schemo
which relates bridge output to applied load. Such a scheme
should also allow-for the fact that, with a complex structute
such s-sa wing or tail, the stress in a root member may be
affected not only by the loads outboard of the bridge station
but also by loads on the opposite side or inboard of the strain-
gage station. This carryover effect can be of significance
with unsymmetrical loading conditions. Certain simplifica-
tions are possible, however, since the end force on wings can
be neglected, and the effects of chord forces will be negligible
for the types of strati-gage installation shown in figure 1.
For a wing structure which obeys Hooke’s law, the stress in
a member and, therefore, the output of a strain gage mounted
on that member may be taken as some function of the three
principal terms pertinent to aerodpamic loads investiga-
tions-the lift or shem, the bending moment, and the pitching
moment or torque.

DEVELOPMENTOF EQUATIONS ,

The simplwt relation betweep the output P of a strain-gage
bridge and the loads (shem, moment, and torquo) on a panel
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(a) Typical strain-gage installation of shear and moment bridges.
($) Electrical-circuit diagram for a single four-active-arm bridge.
(o) Electrical+im.it diagram for two bndgw combined.

I’ICRJRE I.—Typical strain-gage installation and electrioahirouit
diagrams for a single fou~aotive-arm bridge and for two bridges
combined.

outboard of that bridge can be expressedby the linear equation

Pi=%v+aiw+w T’ (1)

In the presence of carryover, an expansion of this relation
would be necessaq in order to include the response of the
bridge to loads applied on the opposite side or tiboaxd of the
bridge station. Such additional terms are introduced where
necessary in the section entitled “Application of Procedures.”

The loads in equation (1) need not represent loads dis-
tributed over the entire area outboard of the strain-gage
station provided the structure conforms to the principle of
superposition; that is, the strain at a particular location due to
loads applied simultaneously to several points on the stic-
ture is the algebraic sum of the strains due I%the same loads
applied individually. In this case, the load in equation (1)
could be a load with a shear value V applied at some point
with coordinates z, y. Thus the load would have bending
momcmt and torque values given by

.

T=VZ )
(2)

in which case equation (1) can be rewritten as

~=ail+clu y+ ffi3x
v (3)

Equation (3) implies that bridge output is proportional to
the applied shear V and aIso that the relation between the
output and the coordinates of the point of application (z)y)
is linear. Although the two types of linearity represented by
equation (3) are rather severe restrictions, certain calibration
proceduma have essentially been based on this equation and.
are treated briefly in the appendix. In the general case,
equation (3) is not adequate. Although structures have
usually followed Hooke’s law, additional terms involving
other than the fit power of the coordinates are required if an
explicit expression for bridge response is to be written.
Nonetheless, equation (3) is usefid in evaluating the per-
formance of a bridge, if loads are applied at a number of
points on the surface and the bridge output expressed as
p/V is plotted against they coordinate of the point of applica-
tion with z as an independent parameter. Shear sensitivity
is represented on such a plot by the intercept (equal to aJ
when z=y=O. Bending-moment sensitivity is shown by
the slope ffa of a plot of w/V againsty for a constant value of.
x, whereas torque response is represented by the variation of
p/V with z at constant values of y. The value of JV thus
represents a sort of strain-gage influence coefficient, and,
since it represents the influence on the bridge output of a
load at a given point, plots of p/V against x and y are termed
“influence-coefficient plots.” Curvature in these plots for
loads applied along any straight line on the structure indicates
the necessity of including additional terms in the bridge-
response equation. Although the form of these additional
terms could perhaps be speciiied on theoretical grounds for
some structures, it is shown that it is not necessary to know
explicitly what these additional terms are.

An extension of equation (3) which includes additional
terms involving the coordinates and which could apply to any
of the bridges located in the structure is

Pi=anv+ai2Vy+ai3 VZ+ai4V’+

afiVti+a<6Vy2+ . . . +a{jVXry* (4)

A calibration procedure can be evolved which allows for the
presence of the additional terms by establishing relationships
between applied load and the outputs of a number of bridges.
The basis of this procedure and its application are illustrated
in.the equations which follow.

When bridges exhibit responses which can be represented
by equation (4), with a finite number of terms (say j), then
equations may be written to relate the applied shear and its
point of application to the output of eaeh of j bridges as
follows:

M= allv+ a~vy+ a13Vx+ . . . + aIjVZ’y’
A=a21V+ a22Vy+ 12z3VX+ . . . +a2jVi@
P3= ff31V+ a32Vy+ a33Vx+ . . . +QjVX’V
. . . . .
. . . . . .
. . . . .

w= anv+ aj2Vy+ CYjSVx+ . . . + ajjV21Y~

(5a)
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These equations are expressed in matrix form as

w I “
all alz a13. . . alj
a21a~a23...a~j
~la~~...cqj

=.. . . . . .

-.. . . . .
. . . . . . .

afl afl afl . . . ajj.

v
Vy
Vz

Vz’y”

(5b

or

{IJ}=[4{WY’] (5C

Equations (5) ex.qmessthe output of a number of bridge:
as a linear function of an equal number of terms of the typ
Vti~. The inverse relation is therefore true that the loact
can be expressed as a linear function of the outputs of ;
bridges, or .

{vz’@}=@]{p} (6:
where

~]= [a]-’ (7;

The necessary mathematical condition for the existence o~
a solution for the P coefficients of equation (6) is that the
determinant of the a coefficients of equations (5) shall not
vanish; that is,

I[allxo (8)

This condition means that the j strain-gage bridges must
have different characteristics; that is, the values of a for
each bridge must not be linearly related to the values of a
for the other bridges. If this solution exists, it is not neces-
sary to know the values of the constants atj in the influence-
coefficient equations (5) since the load coefficients Pij in the
load equations (6) could be determined by a suitable pro-
cedure. The primary purpose of the procedure, however, is
to establish relationships between bridge response and the
three loads-shear, moment, and torque. It is therefore
not necessary to evaluate all of the /3coefficients in equation
(6) but only the values of the coefficients in the iirst three
rows; that is,

{1

v (h I% /%3 - - . m

M = p*lf9~/&...&!j

T 1’3311932P33-..- I93J

P1

P2

P3

Pj1

(9)

If these coefficients can be established, then equation (9)
could be used for the determination of loads in flight and
strain-gage responses.

The coefficients ~11. . . Af in the equation for shear

(lOa)

or transposed as

V= bljf*ps. ..pjj

l%

/312

1913

(lob)

can be determined if a number of known load8 with shear
values V’l to V’j are applied to the structure. In view of
equation (4) these loads must be applied at various chordwise
and spanwise locations. If the number of a~~lied lends is
equal-to the number of bridges j,
bridge outputs can be written as

or
‘}[

v’, ● p,, ~,, . .
v’, #21 P22. .

. . . .
.

. . . .

. . . .

V’j . PjIPj2. .

then these ‘l~nds and the

. Aj

. P2j

. .

. .

. .

. Pjj

‘1%
/312

J

(l In)

,%

{V’}= [p]{p} (Ill))

and the coefficients {f?] can be determined from the solution
of the sirmdtrmeousequations, or, ,since matrix inversion is
equivalent to solution of the simultaneous equations,

{P}=[d-’{v’} (12)

In general, the number of bridges required in equations (5),
md thus in equations (9), (10), and (11), is not known in
~dvance, and therefore the exact number of calibrate loads
:equired cannot be specitied. If j bridgea are avnilable, au of
whichmight be required, then n calibrate loads can be applied
wheren > j, and the values of the load coefficient iflll. . . &j
tin be obtained by kast-squares procedures. Such a so-
ution involves calculation of the least-squmes normal equn-
;ions and solution of the resulting simultaneous equations.
L’heaesteps can be represented conveniently M a series of
natrix operations. The responses pxj of j bridges to each
)f n applied loads would be related to the shear values of
Lbeseloads T~’, . . . V’= by the equation

( )v’, Pll P12 - . . Plj

v’, J41W22. . . &j

U
......=......

v’. . .::: n;,#nl PIU

‘/%1

)
ff12

‘J 130)
1. ‘

,1%

,r

{V’rt}=lll-dl{lh) (13b)

‘remultiplication of both sides of equation (13b) by the
~atrix of the bridge responses transposed gives the least-
quares normal equation

{ll~~jllT{v’*}}=[ll~jllTll~nilll{~lj} (14)

nd the values of the load coefficients {B,j} are determined by
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solution of the j simultaneous equations, or

{Pl,}=[llPx,llTllPn,lll-l{ll#*,llT{v’#}} (15)

When the n loads with shear values V’, are applied at the
n loading points, n values of bending moment and torque
are fixed (eqs. (2)) and thus the procedure outlined in ccm-
nection with equations (11) to (15) can also be used to deter-
mine the values of {fl~t} and {9s,}, equation (9), which are
needed to evaluate moment and torque.

The necessary condition for the existence of the leash
squares solution (15) to equation (14), that the determinant
of the matris of the normal equations is greater than zero, or

I[llP*jllrllKnjllll>o (16)

requires that bridges with similar response characteristics
should not be used together.

SELECTIONOF BRIDGES

As pointed out in connection with equations (5) the num-
ber of bridges required for a given load equation depends upon
the response characteristics of the bridges. Experience has
shown that, when shear bridges are placed at a given station
on the webs of rdl spars, bending-moment bridges on the
flanges or skin, and torque bridges in the torque boxes, enough
bridges will be available to develop an equation for shear, or
moment, or torque. Usually more than enough bridges are
available. If the j in equation (9) is taken as all the available
bridges, then the particular form the equation should take
for a particular structure-that is, which of the values of ~
me zero-depends upon the nature of the structure. Often
the form can be determined by analogy with other struc-
tures, but some bridges may have such similar characteris-
tics thut the output of one is a linear multiple of the output
of another (redundant) or some may be irrelevant @= O).
Redundancy can sometimes be recognized from examination
of the influence-coefficient plots. Irrelevancy is not alwaYs
so easily determined and an advantage of least-squares solu-
tion for the load coefficients lies in the availability of stand-
ard statistical methods for determining the reliability and
relevancy of any equation. Several checks may be employed.
By referring to equation (10) for shear, one check is to sub-
stitute the n sets of measured values of bridge response p~j
into the load equation and compare the n calculated values
of shear with the n applied values. De~~ a residual ~
as the difference between calculated and applied values of
shear, or

{+}={ V]-{ V’} (17)

gives the probable error of estimate of shear values obtained
from equation (10) as

P.E. (V)= O.6745
JZL

(18)

where
n number of loads applied
!7 number of coefficients in calibration equation
XEV’ sum of squares of the residuals which may be calcu-

lated from the relationship

~,v’=~(v.)’-k?lj] { ]Ih,ll’{ v’,} } (19)

where the column matcix on the right has already
been calculated in connection with tlm solution of
equation (15)

The probable error (ref. 8) in any of the calibration
wefficienk is obtained from the probable error of estimata
for the equation and from the terms on the principal diagonal
of the matrix

m,l mu . . . ml,

%Im. ..%j
. . . . . .
. . . . . .
. . . . . .

-mfl mm . . . mjj-

‘[llwll=lld]-’ (20)

where the matrix on the right @o appears in the solution of
the leas&square9 normal equation (15). The relation for
the probable errom of 1311,fl,a, . . . fll, is

[‘1nP.E.@,,) mll
P.E.(&) .JG

=P.E.(V) . (21)
.

P.E. @ij) ?~mjj

and similar relationships apply to the probable errors in the
lbad coefficients in equations for bending moment and
torque. With the coefficients and their probable errors
computed, it is possible to check the calibration equation for
inclusion of irrelevant bridges and redundancy The load
coefficient /3 of an irrelevant bridge is ordinarily small in
comparison with its probable error and in comparison with
the coefficients of the other’ bridges. Redundancy is
evidenced by large probable errors in all coefficients, generally
as a result of large values of m,l . . . m,j rather than of the
probable error of estimate. Improved results can often be
obtained by dropping one or more redundant bridges and
recomputing the B coefficients. For detailed comparisons
of a number of load equations involving various selections
of the available bridges, an objective test of the significance
of any improvement is provided by the F-table (see, for
example, ref. 9).

PROCEDURESFOE BRWGE COMBINATION

When the values of the load coefficients L?in equation (9)
have been obtained, they can be used directly with the
measured outputs of the individual bridges for the evaluation
of flight data. Punch-card methods are particularly con-
venient for handling the large quantities of numerical work
involved if loads are required in time-history form. By
electrical combination of the output of several bridges, it is,
however, possible to simplify flight recording and to reduce
data reduction time.

Full-combination procedure.-If the shear expression in
equation (9) requires j bridges and the load coefficients
Al . . . SUhave been obtained by least squares, the equa-
tion for shear would be

v= f?@~+/3,,~+ . . . +f3,,pj (22)

Factoring out the coefficient with the greatest magnitude.
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say 13B,gives

(23)

By suitable choice of attenuating resistcns, the outputs if
bridges 1, 3, 4, . . . j oan be added to the output of bridge
2 to produce a new combined bridge with an output PV

whioh is proportional to the sum L#l+A+.. .+&

This output is a direct measure of shear done, or

v=p’p~ (24)

A similar procedure oan be used to obtain combined channels
whioh provide direct measurements of bending moment or
torque. The & coefficients are obtained by a final calibra-
tion by applying loads at various chordwise and spanwise
locations as in the preliminary calibration.

An eleotical circuit which accomplishes the addition of

“1 to Mis shown in figure 1 (c). The attenuating resistanm~ PI

R. is related to the reaistanc-eof the individual gagea R and
to the reciprocal of the combining ratio I?J/3uby the equation

(25)

When the circuit is extended tQ include more than two
bridges, an equation of the form of equation (25) applies to
each of the attenuated bridges. Sinoe, however, with
dircc&ourrent circuits, any given bridge can be used in only
one circuit, use of this full-combination procedure usually
requires multiple installation of the individual strain-gage
bridges. If carryover were present, its use might require
thatisome bridges be instalIed in sextuplioate. If the numb-
er of bridges which could be installed were limited, use of
the full-combination procedure could restrict the number of
loads which could be meaaured.

Partial-combination procedure.-A partial-combination
procedure mm be evolved whioh stzikea a compromise be-
tween the data reduction time of the basic procedure (eq.
(9)) and the bridge-imtalIation requirements of the full-
combination procedure. In this partial-combination pro-
cedure, data obtained during a preliminmy calibration are
used to combine bridges with the same primary sensitivity;
that is, the shear-sensitive brid.% on one side of the structure
are combined intQ a single channel, the momen%ensitive
bridges on one side into a single channel, and torque-sensitive
bridges into a single channel. The structure is then re-
calibrated to determine the final calibration coefficients.
The details of the procedure as given below are for a three-
spar structure subject to carryover effects. The procedure

can be extended to other structures”or simplified for struc-
tures without oarryover.

The bridge installation for the structure chosen to illus-
trate the’ procedure is assumed to consist of three sets of
shear-sensitive, moment-sensitive, and torque-sensitive
bridges on each side (a total of 18 bridges), which by the
basic calibration procedure might require the solution of six
sets of equations invohing as many as eighteen unknowns.
Instead a procedure is adopted which involves the solution
of six sets of least-squama equations based on certain simpli-
fied load equations, containing at most seven coefficients.
For example, for left-side shear the equation involves three
shear bridges with outputs pl, ~, and p3,the left-side moment,
and the three loads applied on the right, or

VL=B1lP1+~uA+~13P3+P1dWL+ B16VR+Bl&R+@17TE (26)

By electrical combination of bridges with responses M, pz,
and pg a oombined channel is obtained with an output pri-
marily sensitive to shear, secondarily responsive to ML, Vn,
hf~, and T., and which by the .leaatiquares process has
minimized the effects of chordwise position of load on the
left side T. and any other terms of the type VW.

In matrix notation, the I?coefficients are computed by n
leaatiquares procedure starting with equation (26):

1
l% “

B12

/%3

/%4 (27)

B15
l%
/%7

The preliminary calibration data for the n values of applied
shears and moments and corresponding bridge responses am

H
V’L,
V’L,

.

V’L-

. . . . . . .

l%

(h

/%3

1914

816

1%

1%71

(28a)

or
{V’L}=IIRII{P} (28b)

where IIRI] is the rectangdai matrix of equation (28a). The
lewk-squares normal equations are

{l[RllT{V’L]} =[l]~][T[~I]]{P} (29)
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Tlmrefore

{P}=[ll~llTll~lll-l{ ll~llT{v’L}} (30)

The P coefficients for the preliminary equations for ~~, T., .V~, Mn, and T. are obtained in a similar manner from simplified
load equations similar to equation (26) and which maybe summarized along with equation (28) in matrix form as

V.—T———’
— ML — — — —
—— T=———

—— — vE— —
—— — —ME—

—— —— — TE

.

LPI A PS_bLIJ-fL VE -W TR Al l% 631 l% Bs, hILMbwk.]VL L ME TE ha A 1%2 A &2 l%

1-w P8 dL IIML v.=MR l’R /%3 /%3 l% I% k /%2 -
—— .— ——

h PII L&, IMR VL ML l’L 1%4 824 P34 l% I% %

(31)

IM3 M4 PIKJM,I VE VL ‘ML l’L 1%6 & /%3 /%6 &5 l%

h P17 dTR IMR VL ML l’L /%6 /%6 h D& & L%4

/317 l% L% /947 /967 /%7

where the terms on the principal diagonal of the left side are the only ones of interest.

The known load coefficients Al; &, ha, . . . Pm,lha, &
in the upper porti&mof the &matrix (eq. (31)) are used to
calculate the attenuation required for electrical combination.
For example, the attenuation factors for the shem-sensitive
combined bridge on the left side wodd be obtained from the
equation

(32)

where f?lkdenotes the coefficient 1311,#u, or A3 with the
hmgestmagnitude. The six combined bridgea with outputs
pv~, P,uL, PT., p,,, P.,n, and p., are then recalibrated by
applying a set of calibrate loads (not necessarily the same
as those used in the preliminary calibration) to the structure.
This iinal calibration should include both symmetrical and
unsymmetrical loading conditions. The final equations for

Iuation of tie flight data are of the form
P;L

PM’

pT&

PVE

PAfE

pTR

/3’ coefficients are evaluated by least squares.

(33)

APPLICATIONOF PROCEDURES

To illustrate the application of the calibration procedures
just outlined, the calibration of two representative structures
is described in detail. The calibration of these structures
presented most of the problems that have arisen in the course
of the calibration of a great many structures in the Langley

aircraft loads calibration laboratory of the Flight Research
Division. In addition they also illustrate the use of the
partial-combination and full-combination procedures. Struc-
ture A is a three-spar unswept horizontti stabilizer and
elevator assembly with aspect ratio 6.7, taper ratio 0.29,
and 12° dihedral. Structure B is a two-spar horizontal
s~bilizer with the quarter-chord line swept 35.6°, aspect
ratio 4.65, taper ratio 0.45, and 10° dihedral.

The strain-gage locations for structure A are shown in
figure 2. Shear and bending-moment bridges of the type
shown in figure 1 (a) were installed on all three spars at
stations parallel to the center line. The strain-gage loca-
tions for structure B are shown in figure 3. Sh@ar and
bending-moment bridges of the type shown in figure 1 (a)
were i.wklled on both sparaat station 1 (parallel to the center
line) and at station 2 (perpendicular to the sweep axis).
In addition, four torque bridges were installed on the skin
between the spars at a station perpendicular to the sweep
axis on the left side. The leads from each strain-gage
bridge were routed into individual balance circuits. Each
circuit, @we 1 (b), contained a balance potentiometer
R= and a calibrate resistor RC. When combined bridges
were used, the attenuating resistors were incorporated in
the manner indicated in figure 1 (c). Changes in current
for either individurd or combined bridges associated with
strain changes in the structure under the application of
calibrate loads were recorded by means of a spotlight
galvanometers. Bridge sensitivity was made independent
of voltage changw by shunting the lmown calibrate resistor
Ro across one arm of either single or combined bridges imd
measuring the resultant galvanometers deflection ~~. The
calibrate loads applied to each structure, whether they were
point loads or distributed check loads, were applied in five

3osGGG-i5~4
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FZGURE 2.+train-gage bridge locations for structure A.

equal increments and removed in the same increments.
Values of the galvanometers deflection 6 were recorded for
each load increment. A straight line of the form

6=kl+k,V (34)

was fitted to the 11 data points by means of least squares,
and the deflection used for the loading was the value given
by the product of the least-squarea slope k and the calibrate
Ioad, or

~-=kjx Calibrate load (35)

The value of Y (or p) corresponding to the calibrate load was
then taken as

8=
“G (36)

=
/

G

+

x Sheer ond torque bridges

,/ \\ == Mament bridges

.

Cktonce from centerline,In
Left stobllizer Rightstabilizer

I?mum 3.-Strain-gage bridge locations for structure B. (All dimen-
eione are in inohoe.)

An attempt was made tp minimize any possible effects of
elastic lag by running through several cycles of load before
taking data and by taking as a reference condition not the
no-load condition but a datum determined by a preloacl.

STRUCTUREA

The application of calibration procedures for obtaining
shear and bending moment on a structure where large carry-
over effects were present is ihstiated by structure A where
the partial-gage-combination procedure was used in order to
measure both symmetrical and Unsynimetrical tail loads in
tl.ightwith as few recording channels and aa few strain gagea
as possible. The relationship between individual strain-gage
response and applied loads for the structure was obtained by
applying point loads at three spanwise and three ohordwise
positions per side for both the preliminary and final calibra-
tiorts. The chord and semispan locations of applied loads
are shown in figure 4 and the valuea of shear and bending
moment are given in table I. Point loads were applied to
the left side alone, to the right side alone, and to both sides
simultaneously.

Preliminary calibration.-The nondimensional bridge re-
sponse values P for each of the 12 bridges for each of the 27

loads are given in table I, and the influence<oefficient plots p/Vare presented in figures 5 to 8. To illustrate trends, curves hnve
been faired through the data points. The equations for determining the load coefficients for electrical combination wore
based on equation (31) without torque measurement and some simplifications suggested by examination of the influenco-
coefficient plots (figs. 5 to 8). The simplified equations are summarized in matrix form as ‘

——

——

——

——

——

—— ——

—— ——

—— ——

—v.——
— —a4—. —
—— ——

—— ——

.
1- – –l––––

PXRF MrRM Arm I — –ML–
—— –J––––
—— –l––––

all w — a41 a51

am % — an a62

a13 an — a43 a63—— .— —
alJ— —au —
—— —— —

a16 %6 — % a66
—— —— —

—

—

.

—

—

—

—

(37)

where the subscripts on the strain-gage response p denoh the primary sensitivity and location of the bridge, and the P{j of---
equation (31) have been replaced for structure A by the symbol aifi The values determined for al, to a~ by least-squ&es
procedures are given together with their probable errors in the top half of table II.
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By using the procedure of equation (32) and the largest a
coefficients given in table II, the strain-gage bridges of
equation (37) were combined electrically to produce four
partially combined bridges accmxiing ta %he following

(38)
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FIGURE 8.—Influence coefficientsfor uncombined leftmoment brldgos
for structure A.

Final calibration.-The structure was loaded again with
the same loads as in the preliminary calibration. In13uence-
eoeflkient plots for pVL2 PMLJ P VE7 ancl pMfi (fig. 9) show the
response of the comlined bridges to the lords applied in
the iinal calibration. The iinal shear and bending-moment
equations, which were similar to equation (33), were

.El=Eii!i!I‘3’
The fial calibration coefficients a’ll to a’u are given in
table II. Also given in table 11 are the probable errors of
estimah obtained by the use of equation (18) and the
probable errors .in the coefficients obtained from equation
(21). Zeros in table II indioate that the corresponding
bridges were found to be irrelevant.
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As a check on the applicability of equations obtained by
the point-load calibration to the determination of distributed
loads as encountered in flight, the distibutad load Al shown
in figure 10 was applied to the stnmture. For this loading
the gage response, the applied and calculated valuea of
sherw and bending moment, the ditlerences, and the per-
centage differences are given in table III. Sample calcula-
tions for the preliminary and iinal left shear load coefficients
for structure A together with the probable errors are pre-
sented in table IV.

STRU~UEEB
The application of calibration procedures for obtaining

shear, bending moment, and torque on a swept structure is
illustrated by structure B for which a form of the full-
combination procedure was used. The data for sh-ucture
B were obtained as part of a general iuveatigation of calibra-
tion methods applied to swept structures. l?or this reason,
although structure B is a horizontal stabilizer and carryover
effects were present, these effects were ignored in the pre-
liminary calibration, and the data were treated as they

: -,,--Gogesfohn
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ml

FIQUBB 10.-Symmetioal distributed cheek load Al applied on
etruoture A.

would be for a wing where oarryover effects are ordinarily
not observed. For the final Calibration,however, carryover
effects were inoluded.

Preliminary calibration.-The preliminary calibrate loads
were applied on the left side alone and on the right side alone.
The chordwise and semispan locations of applied loads are
shown in figure 11 and the associated values of &ear,
moment, and torque are given in table V. For the 16
bridges shown in figure 3, the bridge response coe50ients p
corresponding to each point load are given in table V and
the corresponding i.ufiuence-coefficient values in figures 12
to 16. In figure 17, the influence-coefficient data for the
left shear and the left moment bridges at gage station 2 have
also been plotted against the distance along tie sweep line,
measured from the intersection of the sweep axis and the
center line.

Of the many equations whioh might have been used to
relate load to the outputs of the various bridges located on
either the left or right sides, only a limited number were
inveatigatad. The limitation was guided by the nature of
the influen=oe5cient plots. The similarity of the re-
sponse of each of the four torque bridges (fig. 16) suggests
that redundancies will be introduced if more than one
torque bridge is included in any equation. The similarity
of the response of botli front-spar and rear-spar moment
bridges (figs; 14 and 15) and the comparative absence of
both shear effecti and nordinearities in the moment curves
imply that little would be gained by using two moment
bridges; the rear-spar bridges actually used had the highest
moment sensitivity as @own by the greater slope of the
influence-coefficient plots. These considerations suggested
that the equations for the left side be limitad to two shear
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bridges, a bending-moment bridge, and one of the four
torque bridges. Equations for the right side were limited
to two shear bridges and a moment bridge. Although only
one torque bridge was to be used in the equations for the
left side, a check was made to determine which of the torque
bridges gave the best results. For the shear, bending
moment, and t~rque at stdion 1 and shear and bending
moment at station 2, this check involved a least-squares
calculation of the cceffitients of four different equations,
each involviug a diilerent torque bridge (2o solutions in till).
These equations can be represented by the general form

where LP is a general load term and values of p from 1 to 5
correspond respectively to V~,, ML,, T~,, V~f, and M&l.

Although both 6P,and b,, are show-nin equation (4o), only
the appropriate value is used for Calculationsat station 1 or
station 2. The values of the coefficienik i5,1. . . & are
given in table VI along with the probable errors and the
probable error of estimata of each of the equations. The
mefficients were calculated by solution of the least%quares
normal equations of the form of equation (15) obtained from
the cahbration data of table V.

The probable errors of the coefficients were calculakd by
equations of the form of equation (21), and the probable
errors of estimate were calculated by means of equations of
the form of equation (18).

The bridges selected for combination were those with the
smallest value of probable error and are indicated by aster-
isks in table VI. The equations corresponding to the
selected bridge combinations were

For the right side where torque bridges were not installed,
the equations for shear, bending moment, and torque at
station 1 and shear and bending moment at. station 2 were

Values of the load coefficients bll . . . ba (eq. (Q)) are
given in table VH together with their probable errors and
the probable errors of estimate of the equations, all obtained
in the same manner as with table VI. Also shown in table

VII are additional equations for MR, and V%, indicabd by
asterisks, which were C.alculatidwhen it was found that the
reaxshear bridge in the equation for MB1 and the rear moment
bridge in the equation for V% were irrelevant. The coeffi-
cients of the bridges which were omitted were small with
respect to their probable errors and with respect to the
terms which were retained.

Based on the preliminary calibration coefficients given in
tables VI and VII, the strain-gage bridges of equations (41)
and (42) were combined electrically to produce combined
bridges, accxmling to the following equations:
For the left tide

and for the right side

b*
PvRa=PvMz+g PVm

(44)

Hnal calibration,-The relationship between applied load
and the response of bridges combined according to equations
(43) and (44) was then obtained by applying 16 point loads
per side. In this final calibration, symmetrical point loads
were applied in addition to left and right unsymmetrical
loads. The chordwise and spanwise locations of applied load
for the iinal calibration are shown in figure 11. Since a given
bridge was requmed in more than one equation of equations
(43) and (44), a switching arrangement was employed in the
calibration which automatically set up each combined bridgo
in sequence during the application of each point load. The
values of p corresponding to each point load me tabulated in
table VIII. Influenceaefficient plots for the combined
bridges are given in figures 18 to 20 for the unsymmetrical
loadings for both swept and unswept coordinate axes.

Had carryover eilects not been present, the data of table
VIII would have been used simply, to obtain the final load
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ccwtlicientV, and this procedure could ordinarily be used with wings and for strain-gage stations located other than at the
root. In order to provide a calibration which would permit evaluation of loads on both sidca of the horizontal tail and allow
for the carryover effects actually present, the data of table V3Jl were used to compute the final calibration coefficients to be
used in final equations involving bridges on both sides of the structure. In general, these equations would have the focm

but all of the carryove

.

Vll o 0 0 0 V,o /)’17 b’,, o 0

0 b’za o 0 0 b’m b’n b’u O 0

00 b’m O 0 b’w b’m b’w O 0

00 0 b’u O b’a b’i, b’a O 0

000 0 b’m b’m b’m b’a O 0

b’61 b’a b’a O 0 b’m O 0 0 0

b’,l b’= b’n O 0 0 b’v O 0 0

b’m b’s b’sy O 0 ‘ O 0 b’= O 0

b’91 b’a b’a O 0 0 0 0 b’w O

b’lool b’lo,g b’m,s O 0 0 -O o“ o V 10,10

PVL,

PML1

PTL,

Pv%

PAr%

PVE,

11
PME1

PTE1

Pv%

PM%

(45)

. .>

:erms may not be required in any particulsx case. The vslues of the coefficients actually needed
in these eauations are listed in table IX together with the values of the probable error of estimate of each of the 10 equations.

As a chick on these equations, three d&ributed loads Bl, Bf, and BS shown in figure 21 were applied to the structure.
For these loadings, the response of each of the 10 combined bridges, the applied and calculated values of shear, bending
moment, and torque, the differences, and the percentage differences are given in table X.
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DISCUSSION ‘

STllUCTURBA

The i.niluenc~oefficient plots, figures 5 to 8, for the point
loads applied during the preliminary calibration of test
structure A show that the response of the individual bridges
to shear, moment, and torque is not as defined by equation
(3) but includ~ some of the additional terms shown in
equation (4). The torque eflect is d in the midspaz
shear bridges (figs. 5 (b) and 6 (b)) and absent in the mid-
spar moment bridges (figs. 7 (b) and 8 (b)). Wkh the
exception of the left midspar moment bridge (Q. 8 (b))
the moment bridges are comparatively free of the effects of
nonlinearity, as shown by the straightness of the lines for
the loading on each spar. In general, the response of each
bridge to carryover is simi.kwtc-the ch&acti o~ the response
of the bridg; to loads on the same side.
carryover effect is one of b&ding moment.

The p&cipal
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FIWJRSI 13.—Itiuence coefiaienta for uncombined left shear bridges
-for struutur6 B.

Comparison of the probable errors of estimate of the pre-
ti pmti~~mb~ation equatio~ given in table II
with the average applied loads she-its that the simpldicd
equation (37) is adequate for &ninating the effects of
torque and the other terms in equation (4) responsible for
curvature in the influence-coe5cient plots. Although equn-
tions similar to equation (31) were not tested, it appoara
dqubtful that their use would have given significantly better
preliminary load coefficients for determiningg the combining
ratios.

The response-spvh,p~ti pva,and p~, of the four combined
bridges based on the data of table II and equation (38) and
shown in iigure 9 in influence-coefficient form indicate that
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FIQVaE 14.—Iniluence coeilicienta for uncombined riglit momont
bridges for struoture B.
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the combined bridges are essentially free of the effects of
chord position of load. They are affected to some extent
by moment on the opposite side, since in writing equations
of the form of equation (37) this effect is not eliminated until
the final calibration. The final equations for evaluating
V., U, V., and AZ, used for evaluating these loads in flight
and given in the lower half of table II indicah probable
errors of estimate and probable errors in the coefficients of
the same order of magnitude as the preliminary equations.
The probable errors of estimate me roughly 1 percent of the
average applied loads. The comparison shown in table III
of the applied check load Al with the loads given by the
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FIarrm 15.—Intluence coefficients for uncombined left moment bridgea
for dructure B.

fial equations shows that the differences are less than would
be expected fim the size of the probable errors in the co-
eilicienti of the &al equations. Jn general, the9e emors are
of the same order of magnitude as the experimental errors.

STRUCTURB B

The influence-codicient plots for the shear, moment, and
torque bridges of structure B, figures 12 to 16, show mmked
curvatures of the sort which maybe ascribed to the presence
of the higherader terms of equation (4). When values of
the idluence coefficients for bridges at station 2 (fig. 17)
are plotted against distance along the sweep axis, the plots
show the same curvatures as are shown in @ures 13 and 16,
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FIGURE16.—1ntluencecoeffioientafor uncombimdleft torquebridges
for struotureB.
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but front-spar and rear-spar bridges reflect more clearly the
efl’ects of the chord position of the load relative to the
bridge location, as in structure A. Thus, measurement of
loads on axes related to the sweep axes may be treated in
the same way as measurement of loads on an unswept
structure. In view of the similaritiesbetween the influence-
coefficient plots of bridges at station 1 (parallel to the center
line) and those of station 2 (perpendicular to the sweep ti),
the use of strain-gage bridgea in the root area of a swept.
structure does not appear to present any problems which
are essentially diiferent from the use of bridges in the root
area of an unswept structure. The use of such bridges
offers the additional advantages of moment and torque
axes which correspond to the usual axes for load distribution
and airplane stability determinations.

The preliminary combining equations for the left side,
equation (41), and the right side, equation (42), differ since
more bridges with different characteristics were available”
on the left side than on the right. Comparison of the
values of probable error of estimate for the best preliminmy
equations, table VI, with the corresponding probable errors
of estimate given in table WC shows that load measurements
on the left are probably more accurate than those on the
right.

As an illustration of the improvement in measurement of
shear on the left, obtained by the four bridges combined
according to equation (41) for V%, over the results which
would be obtained by using say only the fronbspar shear
bridge at station 1, the application of least squares and the
data of table V to an equation of the type V~l= bpvml shows

that

V%=1071PTU,

and the probable error of estimate P.E. (V’,) is 92 pounds.
Had this measurement been attempted by using the best
combination of both front-spar and rear-spar shear bridges,
the equation would have been

VL,=568PVD1+336NVU

and the probable error would have been 29 pounds. Addi-
tion of the rear-spar moment bridge givea

V&l=608PVU,+389pVm—l%p~~~

with a probable error of 13 pounds, whereas addition of the
torque-sensitive shear @pe of bridge in the rear-top torque
box gives the equation (from table VT)

v., =645pv*, +440pvu-220pMm+ lo6/lTm

with a probable error of estimate of 9 pounds. The improve-
ment in each equation in turn as meaaured by the probablo
error of eskimateis statistically significant.

The outputs of the combined bridges, with outputs given
by- equations (43) and (44), should have been pure shear,
moment, or torque insofar as the asymmetrical loadings are
concerned. .& shown by the spanwise or chordwise varia-
tions of the values of influence coefficient, iigures 18 to 20, the
combined shear bridges are very nearly pure shem bridges;
for the moment bridges, the influence coefficient varies di-
rectly with the distance outboard of the gage stdion, and,
for the torque bridge (fig. 20), the influence coeflicienhvaries
directly with distance from the torque reference axis, Aa in
the caae of the probable errom of estimate, the combined
bridges on the left side are generally better than the combined
bridges on the right. Them plots also indicate a loss of
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Fmurm 18.—Influence aaefficients for oombined bridges at gage station 1 for struoture B.

response for the shear bridges at station 2 (fig. 19) when the
load is applied on the front spar in the vicinity of the bridge
station. A similar 10M of response was evident for the
front-spar shear bridges at station 2, figures 12._b) and 13 (b).
This loss in sensitivity appears to be a lot+.1effect, associated
with the fact that a bridge does not, in general, respond to a
load applied inboard of the bridge, and it has only a limited
influence on the prectilonwith which shear can be determined.

Examination of the effects of carryover, shown in table
VIII and figures 18 and 19, shows that in three out of the ten

‘Sw (’%’ ‘“%’ and ‘%) bmdg= combtied ‘n ‘he bati
of loads applied to the same side had negligible carryover
effects. When final combining equations (45) were devel-
oped, application of least-squares principles showed that in
these three cases the coefficients for all the bridges on the
opposite side could be neglected, as shown by the zeroes in
the ‘equations for V~,, T~,, and ME, presented in table IX

In the case of V., and T%, the final equations required the
inclusion of an additional bridge on the same side.

The fkml equations shown in table IX have probable error-s
of estimate of roughly the same order of magnitude as the
experimental data. The shear values of the three distri-
butedloads Bl, il., and Bs obtained horn the iinal shear equa-
tions are more accurate for the left side than for the right
side for station 1 (see table X). For station 2, the shear

values for the left side are not so accurate as for $heright but
are still within the limits that would be estimated from the
probable errorsof the load coefficients. When the distributed
check loads were applied with sand bags to structure B,
center-of-pressure locations could not be held to the precise
limits possible with the relatively sm.aJlerpads used for
applying point loads. A comparison, therefore, of the differ-
ences between calculated and applied bending-moment
values for the left and right sides is not especially si~cant.
The largest di.flerencein inch-pounds is equivalent to an tier
in center-of-pressure location for the distributed load of 1.8
inches or 2 percent of the semispan.

APPLICATION‘rOOTHERSTRUCJ!URES

Outline of steps in calibration prooedure,-Application of
the basic load calibration method to wings and vertical tails
diflers in no essential detail from the general procedures just
described for the two horizontal stabilize. Since the basis
of the method is general, the method is applicable to other
types of aircraft structures, such as control surfaces or
landing gears. No hard and fast rules of procedure can be
given which will apply to all cases, since each structure
presents individual problems, some of which cannot be
recognized until the data of the preliminmy calibration are
analyzed. Certain staps which are common to all cali-
brations may be outlined, however, and the first of these is
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I?mmm 19.—Infhmnc.e ooeflioienta for combined bridges at gage station 2 for struoture B.

installation of the strain-gage bridges. Shear-type or
momenhtype bridges should be so oriented as to respond ~
primarily to the forcw or moments which they are intended
to m&aure. Since it can usually be assumed that such
bridges will respond not only to the desired force or moment
but also to other forces or moments as well, enough bridges
must be installed to permit development of the appropriate
equations relating load and bridge response.

The second step in the calibration procedure involves a
choice of the calibrate loads. This choice involves a selec-
tion of the points of application and the shear values to be
applied at these points. For the principal lifting surfacea a
minimum would appear to be three chordwise positions at
ench of three spanwise stations of each panel. The shear
values will ordinarily be determined by a safe local stress.

The third step is application of the calibrate loads. These
are ordinarily most easily applied with jacks through pads

Row
o Front
O Reor

A3ge bcotion
I I

,Grqe Iocoh+-1

Applled right Iwd

large enough to prevent local buckling. In order to nsscss
any possible’ effects of elastic lag, applicdion and removal
of these loads by increments is recommended. To provide
data for evaluating the tiecta of carryover, the loads should
be applied tQ one side alone, to the other side alone, and to
both sid- simultaneously, as with structure A.

The fourth step in the calibration procedure involves
evaluation of the preliminary calibration data. Infiuence-
coeflicient plots provide a useful guide to the characteristics
of each bridge and, thus, assist in establishing the form of
the preliminary calibration equations. A further guide as
to the choice of bridges lies in calculation of the probable
error of estimate and the probable errors of the load co-
efficients of the preliminary equations.

The M step in the calibration procedure depends ufion
the results of the preliminary calibration in relation to the
electrical recording equipment available and the number of
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FIGURE 20.—Influence cosdliicients for combined torque bridges for
structure B.

different loads to be measured in flight. If measurements of
shear, bending moment, and torque are desired and carry-
over effects are present such that all bridges are affected by
shear, bending moment, and torque of both sides, then full
electrical combination appears to be impracticable since all
bridges would need to be installed in sextuplicate. On the
other hand, these six quantities could all be determined by
numerical evaluation of the individually recorded responses
of a much smaller number of bridges. An example of a
compromise between these two extremes was provided by
structure A where a partiakombination procedure was
used which required only four recording channels for flight
measurement and did not require the multiple installation of
strain-gage bridges. If a bridge-combination procedure is
to be umd for flight recording, the structure must be re-
calibrated in order to determine the final calibration co-
efficients. A distributed load should also be applied as a
check on the iinal crdibration equations. For wing structures
where application of distributed loads may not be practicable,
check loads may be applied through the jacking points.

.-=~--...-,pqestotion I
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DElowe Olomgsankpon frwn center fin< “m
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l?rQuEE21.—Distributed cheek loads BI ta & applied on structure B.

Flight load measurements.-A strain-gage installation
calibrated according to the methods given in the present
report will measure structural loads reIative to some ref-
erence condition. The load on the airplane on the ground
is the most easily determined reference condition. Provided
the landing gear is inboard of the strain-gage station,
changes in strain-gage response from the ground to flight
at 1 g are proportional to the aerodynamic load. If the
airplane weight is carried at poihts outboard of the strain-
gage station, corrections for the wheel reaction are applied.
Corrections must also be applied for any changes in weight
distribution outboard of the strain-gage station. Under
accelerated flight conditions the loads measured by the
strain-gage installation are structural loads; therefore,
inertia loads must be added in order to obtain aerodynamic
load.

Some inshmmentation requirements.-Stz-ain~age instal-
lation methods such as those given in references 10 and 11
are satisfactory for loads measurement, provided four-
active-arm bridges with matched individual gages and short
intercomecting leads are employed, as illustrated in figure 1.
Direct-current systems at present provide the most stable
circuit characteristics for measuring bridge output and, thus,
are being used for fi.ightaerodpmmic loads measurements by
the NACA.

Because of the possibility of sensitivity chang~ or of zero
drift in the recording apparatus, protilon must also be made
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to account for such changes. Changes in sensitivity result
from changes in supply voltage to the strain-gage bridge and
ti the recording galvanometers elements; drift results horn
temperature effects on the galvanometerselements and from
temperature effects on the structure. Although d~ift due to
changes in temperature is minimized by the use of four-
active-arm bridges, as shown in &me 1, stresses introduced
by temperature gradients within the structure are not com-
pensated and a temperature-calibration procedure would be
needed if these effects were appreciable. Although sensi-
tivity changes and galvanometers drift are generally mmll
with direct-current strain-gage equipment, in practice it has
been desirable to take calibrate signals along with the ground
zero records and before each run in flight. A no-voltage
galvanometerszero is also recorded on the ground and before
each run in fight. With the use of this information, cor-
rections can be applied to the strain-gage-deflection data of
each run to refer it to a ground reference condition, which
eliminates the necessity for establishing i.nflight reference
conditions by means of special maneuvers.

SIMPLIFIED

CONCLUDING REMARKS

The general principles outied in the previous sections
have been successfully applied to many more structures than
those used as examples in this report. Although the poinb
load method has for some time been the standard calibration
procedure at the ~ACA, the particular methods for reducing’
the data and of combining gages given in the present report
are the remdt of continual improvements. They nro still
subject to a certain extent to the judgment and experience
of the engineer. Although improvements in detail am still
possible, it appeam that future work should include the
effects of temperature gradients within the structure in
anticipation of measurbqgloads under supersonic-flight con-
ditions where thermal effects may be appreciable.

IIANGLEY AerOnaUtiC.M LABORATORY,

~ATIONM ADmsoRY CObfMImE13 FOR AERONAUTICS,

,hGLEY RELD, VA., AW. 12?,1962.

APPENDIX

CALIBRATION PROCEDURES

The fact that the response of several bridgw in structures
A and B is apparently adequately represented by the simple
linear relation

Pt=aaV+atiM+aaT

for certain regions of load application suggests that the cali-
bration procedures outlined in the present report could be
considerably simplified. One such simplification could be
the arbitra~ application of three calibrate loads to a struc-
ture with three bridges and determination of the calibration
coefficients by the solution of the three sets of three simul-
taneous equations.

If small departures from the preceding equation exist, the
values of the coefficients obtained depend upon the three
points chosen for load application In addition small errors
in measurementgreatly i.nliuencethe values of the coei%cients.
Unlike results obtained by least squares, the solution of three
such simultaneous equations offerano information about the
reliability and do~ not permit assessment of reliability for
other loading conditions. Siice neither the effect of errors
in measurement nor the existence of small departures from
the previous equation can be determined horn three ap-
plied loads, such a simplified point load calibration is not
recommended.

All the disadvantages inherent in simultaneous-equation’
solution for @bration coefficients are present in a commonly
used method of calibration in which a pure shear, a pure
torque, and a pure bending moment are applied to a structure,
aqd the coefficients are dekmminedby simultaneous-equation
solutions involving the response of three bridges to the threo
applied pure loads. Conformity to the previous equation
cannot be established by the application of only one pure
shear, one pure bending moment, and one pure torque but
only by the application of loads at many chordwise and
spamvise stations. Since the application of many pure loads
to a structure is also difhcult (special jigs and fittings being
required), it offers no particular advantages as a cr(libmtion
procedure.

The maximum value of load which can ordinarily be
applied to a structure at a given point without risk of local
failure is, in many instances, small in comparison with the
magnitude of the loads measured in flight. A method of
calibration which permits the use of large distributed loads
has also been investigated. This method in certain limited
applications would permit the determination of not only tho
total load but also the magnitudes of the various components,
such as the additional and basic air load distributions. The
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basis of the method lies in the fact that, for a particular
distribution of load, the response of a strain-gage bridge will
vary linearly with the magnitude of that load. Consider the
total load to be made up of several such distributions, some
of which will be symmetrical or antisymmetrical zero-lift
distributions but all of which will have root-bending-moment
values iWl to Mm; then, the following equations can be
written to express the response of n different bridges to the
n loads:

{Pf}=[dw} (t=l, 2, 3, . . . n;j=l, 2, 3, . . . n)
(Al)

The coefficients atj are determined from the strainresponses
pt for loads i’dl to M%a9

“’~&
(M)

The equations for use in evaluating the load components are
then given by

{~j}=[d-’{~i} (A3)

The total moment on the structure is

M=xMj (A4)

The shear components Vj are

(A6)

and the total shear is

V=xvf (A6)

The torque components T’j are

Tj=kJ14j (A7)
.

whom kj espremes the exact relationship which etits between
the moment and torque for any particular load distribution.
The total torque is

T=ZTf (A8)

In practice, if four-strain-gage bridgw were available, four
different load distributions representing the principal com-
ponents of the load on a wing panel-namely, additional,
basic, rderondeiiection, and damping-in-roll distributions—
could be applied in the calibration. The method suifersfrom

the disadvantage inherent in solutions based on simultaneous
equations involving an equal number of loads and bridges.
If the flight loads were actually a composite of various pro-
portions of the calibrate load distributions, then useful
information about distribution could be obtained, but
changes in the shape of any one distribution can r=ult in
unrealistic valuea for all the distributions. A comprehensive
test of the distributed load calibration methodhaa been made.
The data which illustrated the importance of the foregoing
shortcomings are not included in the present report since it
is believed that such a method of studying flight loads would
be restricted to low-speed tests of rigid structures and is not
suf%ciently flexible to give useful information in general
flight-load investigations.

REFERENCES

1. Howland,W. L., and Buzzetti,C. J.: Measurementin FMghtof
SpanwiseWing Loading. PreprintNo. 181, Presenti at
SeventemthAnnualMeetingof Inst.Aero.SOi.,Jan.24-27,1949.

2. Weiss,David: FlightLoadInvestigationof ModelFG-1 Airplane
Instrumentationfor. Rep. TED No. NAhl 2447,Empennage—

pt. I, NAES, Philadelphia Navy Yard, Bur. Aero., May 31,1944.
3. Morrel, J. S.: Flight Load Investigation of Model F&l Airplane

Empennage-Calibration Loading and Flight Teds. Rep. TED
No, NAM 2447, pt. H, NAES, Philadelphia Navy Yard, Bur.
Aero., Aug. 7, 1944.

4. Walter, Maurice A-: Structural Load hfeasurements on Complex
Aircraft Componen@ Using Strain-Gage Summation Cirouits.
Jour. Aero. Sci., VOL18, no. 2, Feb: 1951, pp. 101–106.

6. Rogin, L.: Structural Flight I.aad M wmremen+Calibration
for-General Theory and Teahniquee. Rep. No. ASL NAM
DE–249.1, NAES, Philadelphia Navy Yard, Bur. Aero., May
22, 1951.

6. Stokke, Allen R., and Aiken, William S., Jr.: Flight hleaaurement
of BuiTeting Tail Loads. NACA TN 1719, 1948.

7. Aiken, William S., Jr., and Howard, Donald A.: A Comparison of
Wing Imada Measured in Flight on a Fightar-Type Airplane by
Strain-Gage and Pwsure-Distribution Methods. NACA TN
1967, 1949.

S. Dwyer, Paul S.: A Matflx I?reaentation of IAet Squares and
Correlation Theory With Matrix Justitlcation of Improved
Methods of Solution. Annals of hfathernatical Statistics, vol. 15,
no. 1, Mar. 1944, pp. 82-89.

9. Goulden, C. H.: Methods of Statistical Analyeis. John Wiley &
sons, IXm., 1849.

10. Jon=, Eriu, and Maslen, K. R.: The Phyeiml .Chmaotefiim of
wire Resistance Strain Gauges. Rep. No. Instn- 2, Britiih
R.A.E., NOV. 1948.

11. Dobie, W. B., and Isaac, Peter C. G.: Electrio Re&atance Strain
Gauges. English Univ. I?rwa, Ltd. (London), 1948.

12. Crout, PrMcott D.: A Short Method for Evaluating Determinants
and Solving Systems of Linear Equations With Real or Complex
Coefllcient.s. Trans. Am. Inst. Eleo. Eng., VOL 60, 1941,

. pp. 123s1240.



I

TABLE I

19& 6

Isa o

.5a o

19& 5

180, 0

60.0

168, 6

lwl o

6&O

Front
Mlddlo

Front
Middle

Front
hHddle

Front
Middle

Front
M!ddle

FrOut
Middle

Front
&fiddle
Rear

Front
Middle
Rear

Front
Mddle

lUght oido londod

6iJ WJ ;:~ a2 34 0, f8~ a 270 –0. 322 –a 143 –a 223 a g; a 049 0.986 –a 2bo –a ma –o. 194 0, 104 –a 017 0.191
61W

–o. 013
.365 –, 303 –, 121 –. 187

5Kt 00: MO :
651 1. W9 –, 243 :: ~ –. In .106 –. 017 .191

% :460 . 471 –. Wa –. 121 –. 176 :700 :042 L cLM –. 254
–. 012

-.170 .106 –, 017 , 191 –. 013

1, 6W 167,630 000 –, 261 –. 122 –, 304
1,600 107,630 ::: i: :!!

1.079 1.219 L 834 –. 311 –, 044 –. 408 . 2ao –. 081 .3132
i 117

–. 02a
-,369 –. 115 –, 283 1.637 1199 2.030 –. 374 –, 647 –. 34.5 311 –. 031

1, 660 167, 630 .168 1. 06a L 664 –. 466 –. 118 –. 180
–. 020

1.407 L 173 2100 –. 432 –. 047 –. 263 :3%7 –. 034 :!: –. 026

2,6 Q3 7’0, Ma L 816 % 803 –. a84 –, 378 1.108
2, 6# 79,380 1,091 a. 401 i fl -! 236 –. 108 –. 231 .621

731 :: 00; –: ~ :, g4
: :!; :642

503 –, 015 –, 013

2,600
:647 -.016 ,: ;To

79, 38a –. 004 L 62a 2670 –. 412 –. 081 –. 016 .W .520 L 434 –. 318 –. 019
–, 013

–: 086 .616 –, 020 .182 -, 016

Imft dde loaded

500 ‘w, 150 –a 478 & 019 –a 810 c1 019 0.187 c1 037 –0. 372 a NO –Q 817 a 958 c1 568
600 m, 160 –. 442 .469 –. 211 .624 .181 .707

L (7J9 –0. 025 a 007 –0, 017 a 179
–. 367 .047 –. 260 .968 .660 L 087 -. o%

600 m, lm –. 474 .464 –. 183 .469 .171 .759 –. 379 .
007 –, 010

041 –, 221 .841 , 666 L 114 –. 023 :006 –. 014 : :;:

1, 600 167, 680 –. 817 L 066 ~: u~ “1134 –. 266 24 066 –. 449
–. 227 i !55 ~: M :049 -.427

L 834 L 123
1,500 167, 630 –. 904 L 06Q 759

1. W –, 063 .208 -.027 . 3s0

1,.500 167, 630 –. 981 L 014 –, 302 :367
L 733 L 16-4 L ‘W2 –. 066

–, W7 L 016 –. 717 .
210 –. 020 .836

049 –. 371 1.041 1, 171 2, 106 –. 066 :217 –. 027 .387

2,600 79, w –. 025 .524 –. 450 2362 –’. 617
2,500 79, m 460 –. 210 L 301 –. 778 i !k$ S % :

069 -.427 L 452 .444 .810 –. 024 .860 –. 016 162

:%5 :413 ,059 ,
Q42 –. 263 L o.% .534 374 –. 016 :174

2,500 79, w 435 –. 413 2828 –. 568 .008 –. 048 ,861 . 4&3 1::! ~: :31 :366 —, 018 .101

Wth aid= loded

50+1 90,160 –~ :: a ;:9 & 092 –a 015 –a 177
w 9r4 160

0.165 a 01s Q 063 ::: a684 0.023 a 781 a 079 0.044 a 178 a 171
216 –. 160 –. 200 .240 .684 .047

6W 90, 160
581 .638 .867

–. 246 :724 : 313 –. 181 –. 142 .422 .604 .044 .850 :624 .629 .800 : i%

1,503 107,030 . S-79 ‘L 180 .099 .008 –. 386
1, &xl 167, 680

.418 1.277 L 265 L 264 L 377
–. lwl z 066 168 –. 307

L 12$ L 4!24 . !MS .167 . 32S .306

–. W3 L 689 i !86 –:
936 L 044 1.220 L 604 L 164 L 122 L 626 .208

1, m 107,080 1:460 . SW
932

677 –. 412
.311

L 186 L 706 .966 L 113 L 363 .286 : f;o :330 .316

2, m 70>380 L 841 3.137 –. ;;1 2148 –. 087 .290 L 108 .247 L 167 .468 .527 .487 .329
2, m 79,380 L 099 –. 846 : %
2,600 79, 38JJ –: % ; E: 2 SW –. 010 –. 642

1.193 .687 809 .580 .626 .851
z 840 .052 .547 i !J; :533

: :% : %
.464 i %1 .402 .342 .166 .143

1



CALIBRATION OF STRAIN GAGES FOR FLIGHT-LOADS MDASUREhEENT

TABLE II

SUMMARY OF LOAD COEFFICIENTS AND PROBABLE ERRORS FOR STRUCTURE A

(a) Preliminary calibration

Load coefficientwf for equation (37) I PrOl&&e~Eof
).. I

VL al] ala all P. E.&lb
– 1,3%0*35

ala
570 *10 570+10 (14+ 1)x 10-4 (8+1) X1O-4

ML P. E. ~il#, in-lb
15,700%41,570 98,550%4,100 14,190~1,860 (830+7%) X 10+ >

VE
P. E. $fi), lb

700% 35 330? 20 725? 25 –(7+%X1O+ (35* 6~X 10+

ME arl P. E. ME), in-lb
12,950+2,250 90,400% 6,650 19,45;2 1,750 (750+ 1%x 10-4 [ ,493

(b) Final calibration

muu Load coefficienta’fjfor equation (39) Pl&&blm&er&rEof
1..

a’11 I
V& a’la a’lt P. E. $~L), lb

6,345*45 29;;50 o 680+30

~fL a’~1 a’= “ P. E. $iU{& in-lb
509,73{’% 2,270

atfi
–11,230+2,160 o 34,720+ 1,340 >

VR a’sl at= P. E. &z), lb
o 70:240 4,7;~&25 o

itf~ a’41 P. E: /&63), in-lb
0. 40,81 ;’:1)170 – 14,1%+ 1,240 479,97:’21,790 J

TABLE III

DISTRIBUTED CHECK LOAD DATA FOR
STRUCTURE A

(a) Combined bridge responee p

-H::5a:a”Distribution (fig. 10)

Al

(b) Shear and moment comparison from equation (S9)

VL ikfL

It

V,q ME

A,: & lied 2,250 226,420 2,250 226,420
Ca?otdated 2,~tlKJ 2? ;;: 2, 3;; 223, 000
DhTerenca – 3,420
Percent difference –a4 ‘0.7 3.1 –1.6
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TABLE IV
.

LEFT-STABILIZER SHEAR EQUATYOIW FOR STRUOTURE A

(a) Preliminary equations

From table I and equation (37), { T“.) = Ultl {a)
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25:615X 1010
12.758X 1010

ll.196XlW-
–6.161X105
20,226xllY
12.768X 1010
25.516X1010_

Usingthe step-by-step procedure for solving simultaneous equations given in reference 12 lemis to

“[
0.20062 0.42932 0.08073 O.12868X1O+ –0.11270X 10+ -
0.42932 1.65787 0.30066

[flRfl~flRU]-1=
0.33465X1CW –0.21872X 10+ [

0.08073 0.30066 0.13354 0.08699 X10-~ –O.11168X1O-5
O.12868X1O+ 0.38465X 10+ O.O8599X1O-5 0.15392X 10+0 —0.10871X10-10

–O.1127OX1O+ -0.21872 X10_S –O.11168X1O+ –0.10871X10-10 0.17871 X 10-lO_
From equation (3o),

.{}

all

{}

567.5
an –1305.5
a13 n[U”]~flRflJ-l( [R]l~{T~’L} ) = 571.9
a14 142.5X 10+
au 75.1 x 10-$

From table I 2V’L~=526X lfY, and from equation (19)
22,839

&&i=525Xl@-L567.5

{}

– 12,290
—1305.5 571.9 142.5X 10+ 75.1x 10+J =37,000

14,8%%
29,697X lW

From equation (18) for n=27 and q=5, the probable error of estimate P.E. T~) =28 lb.
iBy using the elemente on the principal diagonal of the inverse load matrix [ I?~rlR 11]-1and equation (21), the probable errors in the preliminary

load coefficients were

From ~uation (32), the calculated attenuation required for electrical combination of the three shear bridges mounted on the left stabilizer was

567
‘VL=—1305 %’*+%LM

+ 572
– 1305 %La

Similar pmcedurea were followed to obtain PJIU PVE, and P~B. u

.



CALIBRATION OF STFL41N GAGES FOR FLIGHT-LOADS MDASURDMENT

TABLE IV.-Conaluded.

LEFT-STABILIZER SHEAR EQUATIONS FOR STRUCTURE A

(b) Final equationn
I?rom table I and equation (39), { VL) =IIPII{ U’ )

i

1
2

1

.

23

n=27
:-:

0
0

500

1,500

2,500

PVL

–o. 017
~o. 017

0.067

.

0.170

0.266

PLf~

–o. 013
–o. 120

0.176 –

PJl~

0.191
0.191

-0.016

Ha’11
a’]%
a’14

“ II
0.315 0.332

0.406 0.443

i_O.9S36 0.7675

From table I ZV’L2= 525X 10’, and from equation (19)

O.2704
0. 3s3311.1094’

529

7143.5

{}
~Ll=525x 105_[634604 294.1 679*7J 5797.0 =40,419

271& O

From equation (18) for n=27 and q= 3, the probable error of estimate P. E. V ) =2S lb.
1By using the elements on the principal diagonal of the inverw matrix Ulpl ~~]u-l and equation (21), the probable errore ti the final load

coeflicicnts were

The finn[ left-stabilizer shear equation which waa used for the evaluation of the flight data was

VL= (6345 &46)pvL+ (295 +50)PxL+ (680 + 30)PJrE



,
TABLE V

PRELIMINARY CALIBRATION DATA FOR STRUCTURE B

AppUed 100A Ixdt atabillzer Rlgbt Skbll.i%er

3kH0n (t%%) ~,
AI,’, M,’,

lb’ in-lb in-lb
P vu, /JrLR I%L,l PMU l% ’,, PJrM,

lbflk %?T ti,~ PTR, PT.QD %r’ pr.ZIE %?l ~Mm ~PRr, ~MEr,

9 Front 250 1!+ Ow
9

13,090 i’, 164 .O:fi 0.338 a ;;; c1 338 0, lti
Middlo 2bo 12093

0: ~ 0, g; : g: a Im
13,730 &w

a ~1 o. U; : ~; L ~: a ;~8 a ~?o 0.340

9 Rear
405

: $% .337
137

250 K+ Ow 14, 830 0, 4@l . %32 :404 :194 .340 ~: M] –. #g –: :R
290

9A Mlddlo 250 11,630 13,030 7, Wxl .2b4 .436 .348 . a78 .140 .aco
:010 :2.M .602 340 :422 :143 :316

. , 040 .066 .241 .454 :289 , 386 .132 , 273

8 Front ~ :;, $x3 11,760 0, 4rnl .267 .378 .290 4
8 Middk

.347 .161 151 .
12, 42U 7, 600 .244 .436 .822 .362 .184

!254 .390 .248 .363 .168 .299

8 Rear 254 11:020
:% –:%: :::3 ::: :055 466 276

.230 .409 .348 .367 .
,373

124 .308 –. H: –: ga: –, 032 –, CQ2 :n :492 :304
260 10,430 i!: %: t:% .234 .418 .290 , 385 , 138 .2ed .8A Middlo . 0s9 ,067 .216 .429 .248

7 Front Mu 7 0 0
7

0, w 10,360 6, OW
Middle 260

361 .251 .307 .157 .22a .101 , 135
9, 2aQ 1064 6,810 :%3 :423 .280 .320

!’
142

231
251 : ;%3 : 1% : Xal : !!$ : li!

208

7 Rear 250 9, Mo l,76a & 040 233 .319 .321 :144 :
: :E :1:1 ;227

7A M.iddlo 250 9,260 10,340 6, 41a
276 –: % –: M –. 067 –. 020

:223 : H: .209 .303
.221 .439 .232 .344 .131 .267

, 144 .233 .014 , 046 .025 ,044 , 210 .432 , 225 .308 , 140 .211

6 Front 15tw 17,380 17, 730 9,660 .499 .731 .422 .634
6 Mlddh 17,880 19, 180 12, Ill) 47a 828

3&1 .251 .301 .287 .273 ;$ .707 .3841 .648 .306 . X54
569

6’ Rear
: % :447

Mn3 17,380 20,760 14,030 .469 :6W : % :678 .290
033 859 .431

6A
.463 –: :;: –: %4 –: lW

Middk
–: 8% m :964 .486 : :;: : ;E :%

16, 130 17, 730 11,760 , 464 , 819 , 47!2 . 5!22 . 32U .407 .022 . ml .013 , 060 :463 .676 .368 .W ,322 .368

6 Front 600 14 Mo 1~ 670 7,770 .478 .620 .364 .466 .376 .306 250 290
6 Middle m 14,860 16, lW 10,430 .464 .808 .421 .477 .338 . 3&3 :036 :064
6

.736 .308 , 4m

Rem
: %!4 : H : i% : ~? : r;

1A 860 17,790 13,080 . 2a3 .491 ,418 –. 14s –. 096 –. 120 –. 123 .419 : Hi :
363

5A kUddlo 13,600 14, 670 9,640 : h? .816 .386
444 : ;: .286 .332

: !R : Pd .320 .020 .m 066 –. 0!28 –. m .421 . 84R .333 .464 .334 .31M

Front 7m 18>380 17, m & 930 .718 641 .402 .630 0i4 .362 .417 .481
: Mfddle 76a 18,880 19, Oal 13, O!x)

369 .678 L 064 .364 .642
069 im

4 Rem 7E$I 18,380 22, m 17,210 :OJJ9 L 363 : K3
:632 124 –: % –: 027 .

: !19 .463
637 L 200 .447 . 62U : 2 : l%

: :% –: H –: 186 –. 370 –. 281
4A Middlo 760 16,360 17,220 11,740 .624 L 219 .457 .507 .633 .376 .062 .123 –. 138f3–. 032

.440
: ::; t%;

,476
: :E : % ,644 . &33

.3 Front 750 14,300 la 2&3 6,080 76a 276 .415 7
a hftddle

.223 .379 . 44!9 .254
7643 14,300 14, 730 10, 3!30 .605 1: % :370 .419 :% 293

7cn3 L 024 .240 .404 ,754 “.2oa

3 Rear 760
:%! :

14,800 17, 2%3 14,710 , 686 1.322 &lo .473 . 453 :4041 –: x: –:?% ~: :E –. 306 . ;: ? :;9 :
332
429

.453

.619 :449
552

.361

.271

2 :m~t 1, Ocwl 13, 3+30 !3, 210 4, 110 L ;$ ~. g6 .131 .872 L 404 .02$ 2
2 1, Olm 13,380 16, 340 16, 100 . .

264 1.032 1. @lo .122 .374 1.350 .033
.482 , 432 .636 . 367 –: N –: H9 –: %! –: 446 .626 L &58 , 414 .443 .644 .330

1 Frent 1,003 7,500 2, 160 0 L 260 .816 –. w .209 L 358 –. 134 . 31y .076 .222 . 15+J
1 Middle

L 087
1,000 7, Soo 6, 740 6, MO W6 .148 . S30 –. 034

W5 –. gy . ~ 1.117 –. 163

1 1,000 7, 64+3 0, 210 12,500 ::% i %; : a16 .147 .442 .
lM9 i 400

22a –: ?2 : E: –: :B ~: Hi :
.748 .019

610 L 860 :203 :189 .461 .196

!“g

I

I



CALIBRATION OF STRAIN GAGES FOR FLIGHT-LOADS MJiMSTJREMENT 531

TABLE VI

SUMMARY OF PRELIMINARY LOAD COEFFICIENTS AND PROBABLE ERRON FOR LEFT SIDE OF STRUCTURE B

Equation
for-

Prrb;blieee~Eof
J..

Load coefficient b~ffor equation (40)

—,

h
635+12
iii;:+:

*
590+13

ha I hb,, “
–194+8
—200+10
–220&9
–216+15

bu
426*7
41O*7
440+8
410+11

h
-.-------
---------
---------

45* 20

b~
-----------
-----------
-----------
~ 100+670

bn
-----------
-----------
-----------
-5, 846+600

ba
-----------
-----------
-----------

46*26

P. E. (V%), lb

1!

1:

115+14 --------- ---------
67+14 ---------

--------- 105+13
---------
---------
--------- --------- -1 ---------

bll
-2, (335* 350
– 1, 920+330

● –2, 260+310
–882&450

bz,
28, 620 +260
28, 130+280
27,240 + 260
26,750 & 500

bn
6, 650+440

P. E. (M4, in-lb
280---------- ------------

4, 6s0 + 370 -----------
----------- 6, 280+ 380

300
270
426

-----------
-----------
----------- ----------- -----------

Z%
* – s, 490 * 435

–7, 186 * 530
– 6,475 + 500
– 6,865 +400

k
6, 115+250
7, 025+ 310
5,725 +375
5, 410* 345

b
17, 390+ 310
17, 750 * 450
18, 645 +426
20,040 *445

baa
– 6,240 +540

P. E. (T4 , lb-in.
278

Th
-------.--- -----------

–3, 625+600 -----------
----------- –4, 870+ 615

484
430
384

-----------
-----------
-----------

ha
126 +22

‘---------- l====
bo

460 +9
440+10
480+11
445 *14

brn
3, 670+ 290
3, 960+ 150
3, 780+ 350
3, 300+ 380

b~
–33*13
–21+16
–64*14
–37+21

b~
32, 200&400
31,735 * 380
31,960 +460
32, 480&570

P. E. (Vd, lb
14
17
13
17

41O*14
415+15

● 415+12
466 *14

----------- -----------
41+22 --itiz-i5--

-----------
-----------
,-----------
----------- ------------ I -----------

I 57

-----------

b~
-----------
-----------
-----------

–400+710

P. E. (MLJ, in-lb
440
400
430
450

– 5, 690+430
● –6, 390*320

–5, 840+390
–5, 400 +370

-----------
1, 740+ 660

-----------
----------- I-----------660 + 610

-----------
-----------
----------- , ------ -----

*Equations used for determining combining ratios.

SUMMARY OF PRELIMINARY LOAD COEFFICIENTS AND

TABLE VH

PROBABLE ERRORS FOR RIGHT SIDE OF STRUOTURE B

I
E uation Load coefficients b~jfor equation (42) .,. .1

P*b&yEof
0?

VIZ, h k.-rh P. E. (V~J, lb
655+ 10 380+5 –225+10 10

b~ b~ tw
ME1

P. E. (MRJ, in-lb
3, 150+525 10+ 176 27, 240+490

*
657

3, 165+ 375 ------ 27, 24~&435 648
— .

TE1 bn bn b% P, E. (TB~, lwln.
– 10, 635+ 495 7, 990+85 17, 075+ 450 509

bu b~s
VR*

b~ P. E. (V@ lb
495+15 420+10

*
–50+17 20

495+ 15 396*8 ------- 21

M% b~ b~ b~ P. E. (M~, in-lb
–4, 675+300 , 700+215 31, 565+350 403

*Equation used for determining combining ratios.

.



TABLE W

FINAL CALIBRATION DATA FOR STRUCTURM B

Applied load Left Stabllkr
I Rfght stabllkr

Leftsldo londed

a 079

:%J
.018

,.LM

–: &7
.189

–: %
.187

–. 179

–: iti

0.401
366

:880

: %
.646

%
:72

.348

: H:
.616

–. 097

Clg

.447

: ;::
.780
.720

.%?

.264

. 9U

. %
–. 208

260
260
MO

260

ml
KM
760
760

1,R
1,cm

i:R

14, Sao
18, 0!30
18, WXl
11, 7s0
10,860
17,730
17,780

$g

12: 2e.2
16,340

9,210
9, 210
2, 160

9,400
7,160
8,740
8,040
6,MO
Q,650

13,Imo
7,770

17,210
14,710

1? M
4, 110

12,.560
0

0.837
.3M
,890

: ;;:
.762

i %
L 183
L 117
L 489
L 606
L 481
L 470

a 4WI
.477
.483
. 48Q

:::
. ;3

i 422
L 426
L 82.5
L 843
1868
L 766
L 608

a au

: :;;
.292
.303
.621
.443
.444

: k?
.419
.414

: %
.262

–_: g3;

–. 039
–. g;

–. 068
–. 000

–: %
–. 070

–. %!

–. L%
, lxl

–: 028

–. 010
–. 018

. CQ7
–. 037
–. 033

.016
–. 038
–. 035

–: 8!

–. !ll
.076

0.010
. CM17
. CQ9
. (mL3

: %;
.014

. R

: %!
.015

–. m
.010

–. 018

0. yltl

:EJ

. 5a2

:$;
.531
.466

422
:413
.186
.311

aw
.367

303
:286

.!%

.414

:%
.376
.42Q
.418
.190
.%79

Iht ddo lmded1

–a 029
–, 004
–, 026
-.0245
0

–, 046
-.089

.017
-, 047
-. ~~

-.046

–: lx
, Ow

250
260
260
360

ml

500
754
764
760

;: M
1, Oal
1, m

9,400
7, 150
8,740
8,040
6,600
9,660

la, w
?, 770

17,210
14,710
6,080

16, 100
4, 110

12,600
0

9,400
7,160
8,740
8, MO
5, @Jo
9,660

18,080

J n
l% ’710

6,030
lq 100
4, 110

la .500
0

–CL 003

–: 1%–.008

–, 8%
–. 007

–: i’:–,009
.014

–, 000

:R
. 02a

& 086
. Ola

: ~.!

:E
–. 006

: %!
–, 033

–. ~

–. 079

0.040
.010

: ;;
. W4

:H:
–. 006

.w
–.”039

–. %J

–: 090

0.326
.801

. :%
.269
.640

. w

: %:
W9

1:370
1242
1“ 219
1.202

0:%7

2S4
.X33

: g?~

.616

.&o

964
i 212
L 326
L 144
L 369

0.438
.899
.441

. %

.674

.874

L 812
L 259
L 691
L 744
L 576
1.474

0.406
.402
.401

:g

. E30

i !%
L 288
L 269
L 670
L 794

:2

0.$5:

. a32

: :;:
.618
.460
.330
.676
.466
.300
.*:

.219

.106

1

I

%’
260
250
250
600

M
760
750

1, @lo
1, No
1, @lo
1, mo

c1 367

: %:
.362

.714

.770

;:%%
L 151
L 415
1.542
L 416
L646

Q 489

:%

.481
..950
.934

L 397
L 411
L804
1930
1737
L 644

a :9

.355

.813

.309

.:2

.462

. g

.468

. fij

: l&2

a 381
.344

:N
.276
.667
.498
.377

::X
.263
.604

.%

.004

0. $6;

. 4a3

.393

.276

.738

.W

. Seq

: z;
. Sey

. :g

0: ~e:

.%;

. %78

.587

.520

.376
-630
.486

.;

:233
.032



CAJJBR4TION OF STRAIN GAG13S FOR FLIGHT-LOADS MEASUREMENT 531

TABLE VI

SUMMARY OF PRELIMINARY LOAD COEFFICIENTS AND PROBABLE ERRORS FOR LEFT SIDE OF STRUCTURE B

Equu Load coefficient bii for equation (40) Prhb;bl~ee~Eof
2..

bll bl~ bl~ “ hs
536&12

& b,, he P. E. (V%), lb

Vk *
425+7 –194+8 115+-14 .-------- --------- ---------

675wl:;l 410+7 –200 +10 --------- 67+ 14 --------- --------- 1!
440+8 –220+9 --------- ---------

590+13 41O*11

r .

105 +13 ---------
–215+-15 ----_-_.- --------- “ --------- 45+ 20 1!

— .
&l bza b,, bis l% h h P.E. (M~,in-lb

–2,635&350 2,815&200 28,620&250
M.q 5,660+440 ---------- --------2-- ----------- 280

–1,920~330 2,400i-190 28,130+280 -----------* 4,650&370 ----------- ----------- 300
–2,260&310 3,600&240 27,240&260 ----------- ----------- 5,280&380 ----------- 270

–882&460 2,900+380 26,760&600 ___________ ----------- ----------- ~ 100~670 426
— —

k k h t% bs h b P.E. (TLJ,lb-in.
*

T%
–6,490&435 6,116+260 17, 39O*31O –6,240+640 ----------- ----------- ----------- 278
–7,186+630 7,025+310 17,760 +460 ----------- –3,625+600 ---------_- -----------
–6,476+600 5,725*375 18,645+425 ___________ ----------- –~ 870+ 615 -----------

484
430

–6,866+400 6,410+346 20,040+446 ----------- ----------- ----------- –6,846+600 384
— .

bu

._ 1- ~

bn

r

h h b~ & bu P.E. (V~,lb

VL2 *
410+14 460 +9 –33+13 126 +22 ----------- ----------- -----------
415+16

14
440 +10 –21*16 ----------- 41* 22 ----------- -----------

415+12
17

480+11 –64+14 ------------ ----------- 125 +18 -----------
465 &14

13
445 +14 –37+21 ----------- ------------ ----------- 46*26 17

— —
ba b~ b~ bu brn bu P.E. (ilf~,in-lb

–6,690+430 3,570+290 82,200&400
M% *

310+680 ----------- _l-- ----------- 440
–6,390+320 3,960+160 31,735+380 ___________ 1,740+660 --iG6zii6- ----------- 400
–6,840+390 3,780+350 31, 950+460 ----------- ----------- 430
–5,400+370 3,300+380 32,480&570 ----------- ----------- -----------

-----------
–400+710 450

‘Equations used for determining combining ratios.

TABLE VII

SUMMARY OF PRELIMINARY LOAD COEFFICIENTS AND
PROBABLE ERRORS FORRIGHTSIDE OFSTRUCTURE B

.

P:ol&bl&e$orEofEquu Load coefficients bif for equation (42) .,. .

:

Vlil h ha h P.E. (V~J,lb
655*1O 380+ 6 –226+10 10

——
b~ h bt~

ME,
P.E. (iU@,in-lb

3,150+626 10+175 27,240&490
*

557
3,165+375 ------ 27,24~&435 548

—

TEI b~l b h P.E. (TRJ,lb-ii.
–10,636+495 7,990+86 17,076+460 509

b~ bu
VR1

bu P.E. (VRJ,lb
496+15 :;: ; :0 –50+17 20

* 496+15 ------- 21

M+ b~ bn b~ P.E.(ilfQ,in-lb
–4,675+300 ~700+216 31,665+350 403

*Eqw~On~d for determining oombiniwratios.



TABLE KCCI

FINAL CALIBRATION DATA FOR STRUmURE B

Applied load Left stabllkr Right hbllizer

(fl%’1)
V’, lb M,’, h-lb Af,f, h-lb P, lb-h. pv~ Pv~ ‘PM=, PM4

*4 ~R, Pva, PM=, Px=, ~B,

Station

, 1 1 1 I 1 1 I 1 I 1- 1 -1”

L& elde loaded

0.364

: ii:
.292

: :H
. 44a
.444

:x:
,419
.414
.408
.262
.202

D
o
8
7
7

;
6
4
8
8
2
2
1
1

RQ8r
Front

Rear
Front
Ram
Rear
Frdht
Rmr
Re8r
Front
Rear
Front

Front

12,040
12,090
11,020

9,8$0

It%
14, MO
14, 860
18, 32Q
14,800
14, 300
13,380
13, 33n

7,600
7,500

14630
13, Om
13, Om
11, 760
10, 360
17,730
17, 730

:$ !M
17, 220
1% 260
16,340

0,210
9,210
2, 150

?%
8,740
fg

9:650
13, asa
7,770

17,210
14,710

1$ M
& 110

12, &lo
o

& 887
.333

: %:

: %:
.762

i 1%
L 133
L 117
1483
L 506
L 481
L 479

a 400

:~!

:473
.966
.968

i;%
L 426
L 385
L 843
L 368
1.766
L M13

a 368
.368
.335
.321

: ?%
.524
.160
.374

: L?
.300
.443
.214
.266

–_: :?

–. 039
–, g:

–, 068
–. 060

–: %:
–, 070

.066
–. 072

.103
–. 039

.120

–: 02!3 a 010

: ~g

: R
.014
.002

: Ii:
.001
.015

–, 004
.010

–, 013

0.029

: WI
.010

046
:046

–. 007

: 1%
–. W

–, 059

–: Hi

(1&9

.077

:013

: 1%
–, 026

.139

–: M
.137

–. 179

–: i%

–. 019
–. 018

–. l%
–. 033

-: :U
–. 036

–, ~

–. 032
,075

‘2M
600
lwl

760
760

1, :R
1,000
1, Ocm
1, Dal

Right side Ioadd

h
p’og

R.e&-
hpot

w
pgt

Rem
Front

Front

Front -

2.MI
250
260
m
2-50
ml
600
ml
75JI
7bo
760

i:M
1, ccl)
1,030

a 4.M

: !!!
.431

: ~:

i;~
L 312
L 25Q
L 691
L 7ti
L 676
1.474

9
9
8
7
7
6
5

:
3
8
2
2
1
1

9,m
7, 160
8,740
8,040
6,@Jlo
9,660

1} ~

17:210
14,710

6,080
16, 100

4, 110
12,540
0

–0. 033
–. @14
–. 026
–. 026
0

–. IM6
–. 039
.017

–. (?47
–, O&

–: 046
.087

–. 034
.088

–0. 003
.002

–. 006
–. 003

–: k%–.007
. Ou

–. 003
–. 002

–: w
.034
.001
, 022

a 036

:%
.028

: :!!
.044

–. 008

: :;
-, 033

–. %
.039

-.079

0.040

: M
.032
. w14

: 1%
–. CQ6

:M
–.’cmg

–: 075

–. w

0.020

.E!:

.012

.002

.024

.021
cK12

–: 1%

–. $%

–: w’

0, pJ

: %
,206
.618

:%
.576
.445

3CHI
:440
.2433

: ?:

0.401

: :U

: 39;

%
:7$8

M
:780
.216
.616

–. W7

Both ddm loaded

a 277

: :E
. 2S3
.297
.678
.602
. 61S
. 8W
.200

i :%
L 326
L 144
L 369

Rem
Front

mar
Front

Rear
Front

Rem
Front

Front

Front

250
360
260
260
260
500
600
600
760
760

~ :R
u OWJ
1,000
1,000

a g%

.356

.352

. 3s3

.719

: %
1.093
L 073
L 151
L 416
LM2
L 416
1.643

Q 489

: ;;

.481
,. 9&41

. %

;%
L 411
L w
L 980
L 737
L644

0.832
.3&l
.366
.313

.E

.W

.452

.608

.4&5

.M

.347

.396

.182

a 381

::$$
.316
.276
.567

: %

. .K

. 2(3S

.%

a 462
.341
.433
. 3!33
.276
.7W

. :%

.921

.776

: %%
.281
672

:149

a 406
.402
.401
.406

.830

1: %!
L 266
L 269
1670
1. 7M
L 623
L S16

0.384
.367
.338

:E
.558
.495
.414

. z;

. S76

.429

0. ge:

364
.318
.278

.520

. H5

.630

:%
.477
.198
.2s3
.a32

0.493
.337
.447
.417

: %
.720
.422
.932
.777
.264
.912
.067

–:%

.418

.190

.276
I_



CALIBIWJXON OF STRAIN GAGES FOR FLIGHT-LOADS ~ASUREMENT

TABLE IX

SUMMARY OF FINAL LOAD COEFFICIENTSAND PROBABLEERRORS FOR STRUCTUREB

Final
equation Loadcoeffioientab’ijfor equation (45) Pri-~l&e~Eof

for— )..

VLI VU Z)’lo b’ll 11’1$ P. E. (VI,J, lb
670+2 . 0 –90+16 90+ 10 10

Mh b’za b’s b’n b’n
33, 345+ 235 525+190

P. E. (A@ in-lb
2,440 +590 –~ 045&326 429

T% b’n b’~ b’w b’~ P. E. (TLJ,lb-ii
18, 915+370 o 0 0 873

v% b’u b’a b’JO b’d~ b’u P. E. (V~, lb
576+5 –112+15 o 0 0 17

iu’~ b’u b’tg b’fl b’~ P. E. (ZQ, in-lb
39,225 + 900 0 5, 070+1, 980 –6, 820+1, 160 1470

VRI b? b’n b’m b’m P. E. (VEJ, lb
– 200+26 200+20 785+5 18

MR, b’n b’n b’n b’n P. E. (dfRJ, in-lb
o 0 0 32, 315+326 605

TE1 b’gl b’= bra b’~~ b’m P. E. (TE.,), lb-in.
o 0 – 1, 670+430 2, 430+ 665 16, 545+565 1017

vll* b’m b’n b’m b’m P. E. (V~, lb
o –115+30 95+ 25 606+5 22

M% b’lo, I b’lo, a P. E. (MBJ, in-lb
o 7, 30?&?, 215 – 6,665 + 905 36,:&g 475 822

●

TA13LEX
DISTRIBUTED CHECK LOAD DATA FOR STRUUTURE B

(a) Combined bridge response p

Distribution
(fig. 21)

PVh

A

PML’ P*% PF’% PAf= p VB1 ‘“R1 .

A

pT~l Pv
%

PMR1

– 1.924 – 1.273
E

– 1.321 –2. 524 – L 140 – 1..571 – 1.175 –L 337 –2. 201 –1. 106
–1. 896 –1.240 – 1.303 –2 536 – 1.107 –o. 795 –o. 583 –O. 673 —L 101 –0. 552

B3 –0. 927 –O. 617 –O. 663 –L 221 –O. 665 – L 578 – 1.147, – 1.305 –2 200 –L e82

(b) Shear, moment, and torque comparison from equation (45)

Bl: Ap lied
C~oulated
Differenw
Percent difference

&: Ap lied
~a~ulatid
Difference
Percent difference

Bs: Ap lied
Ca~ulated
Differenw
Percent difference

– 1,300 –38, 350
– 1, 299 –40, 736

–2, 386
–o. : 6.2

– 650 – 19, 175
–635 – 18,930

-21: –?;

–25, 680
–24, 992

588
–2. 3

–26, 680
–W;%

–3. 7

– 12,792
– 12,543

–?:

V$ M%

– 1, 300 –40, 800
– 1,326 –42, 883

–26 –2, 083
20 5.1

– 1,300 –40, 800
– 1, 336 –42, 469

–36 – 1, j5y
2.8

– 650 – 20,400
–640 –20, 393

– 1%’ :

<+

VE1 A&l TE1 v= ilrf=

– 1,300 –38, 350 –25, 580 – 1,300 –40, 800
– 1, 242 –37, 955 –23, 723 –1,242 –41, 378

395 1, 8s7 –578
–4..: –1. o –7. 3 –45: L4

– 650 – 19, 175 – 12,792 – 650 –20, 400
– 634 – 18,830 – 10,890 – 634 –20, 777

345 1, 902 –377
–2. Y –1.8 –149 –21: L9

– 1,300 –38, 350 –25, 584 – 1,300 –40, 800
– 1,250 –37, 073 –24, 315 – 1,250 –40, 093

1,277 1,269 707
–3%’ –3. 3 –5. o –X5: –L7
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